Four enzymes were separated from an extracellular preparation of Bacillus polymyxa by carboxymethylcellulose column chromatography. The pH optima were 8.3 to 8.5, 8.7 to 8.9, 9.2 to 9.4, and 9.5 to 9.6. All of the enzymes required calcium ion for maximum activity, whereas strontium ion was only partially effective in stimulating activity. Cobalt was the only other cation tested which was effective in two of the enzymes. The lyases seem to attack a calcium salt-bridged substrate. Km and Vn, data of the four enzymes on various oligomers are presented as well as paper chromatographic evidence of preferred sites of attack. All of the enzymes are endo-enzymes which, based upon their characteristics, were classed into two types.
Some confusion exists as to the number of different pectic acid lyases excreted by Bacillus polymyxa. Nagel and Vaughn (12, 13) found two to four enzymes depending upon the procedure used for isolation. Although minor differences were observed between the different preparations, it was concluded that they represented a single enzyme. Nagel and Anderson (11) isolated a single enzyme and further characterized it as to pH optimum on different substrates. The Km and Vm values on acid-soluble pectic acid, tetra-and tri-galacturonic acids, and unsaturated tetra-galacturonic acid were determined. It was demonstrated that Km was markedly influenced by chain length with an inverse correlation being observed. This is consistent with the observation that the enzyme(s) attacked pectic acid in a random manner.
Many organisms can elaborate several enzymes that attack pectic acid in different ways (16, 18, 23) . In addition, Hasegawa and Nagel (5) showed that an endo-lyase which was more random in character than those apparently produced by B Grants. taining all of the lyases have been described (12) . The culture medium was dialyzed against cold, running tap water (ca. 15 C) for about 36 hr. All subsequent operations were done in a cold room (4 C). The crude enzyme was precipitated with three volumes of cold acetone (4 C) and centrifuged for 7 min at 4,600 X g. The precipitate was dissolved in a minimum amount of 0.001 M sodium phosphate (pH 5.2) and dialyzed against four changes of distilled water for a total of 24 hr. The dialyzed enzyme was loaded onto a carboxymethylcellulose (CMC) column (2 by 30 cm; Carl Schleicher and Schuell Co., Keene, N. H.) previously equilibrated with 0.001 M sodium phosphate (pH 5.2). After loading and washing with 5 to 10 ml of cold distilled water, the column was eluted with a linear gradient (1,200 ml total) of sodium phosphate (pH 6.5) from 0.001 to 0.1 M. Fractions of approximately 5 ml were collected. The fractions of individual peaks were pooled and crystalline bovine plasma albumin (Armour Pharmaceutical Co.) was added to give a final concentration of 0.1%.
Repurification of the individual lyases. Further purification of each enzyme, after desalting on Sephadex G-25 (Pharmacia Fine Chemicals), was attempted by chromatographing on CMC by using a linear gradient of sodium chloride in 0.01 M imidazole (pH 7.0). Enzymes P2 and P4 were purified from the respective pooled fractions obtained from the separation shown in Fig. 1 , and enzymes Pi and P3 were purified from the pooled peaks obtained in a duplicate run (data shown in parentheses in Table 1 ).
The entire sample of P4 was desalted on a large Sephadex G-25 column (4.3 by 36.5 cm, about 520 ml), whereas only portions of the pooled peaks of the other three enzymes, sufficient enzyme for one column separation, were desalted on a smaller Sephadex G-25 column (2 by 20 cm, about 90 ml). All Cation requirements. The cation requirement of the four enzymes was determined in a freshly mixed assay mixture containing 0.05% ASPA, 0.01 M cation, and 0.1 M buffer at the pH optima of the enzymes. The cations tested were the chloride salts of calcium, strontium, magnesium, barium, cadmium, nickel, manganese, and cobalt. The stimulatory effect of potassium (0.01 M) was tested in an assay mixture containing 0.001 M calcium.
The effect of calcium concentration on the degradation of trimer was determined with enzyme P2. The reaction mixture contained 0.004 M trimer, 0.1 M Trishydrochloride (pH 8.35), various calcium ion concentrations (0.001 to 0.1 M), and 0.0189 unit of enzyme in a total volume of 3 ml. The data are plotted as activity versus the ratio of normality of calcium to the normality of carboxyl groups.
Km and Vm determinations. The Km and Vm constants were determined for the four enzymes with seven saturated and two unsaturated oligogalacturonides. The constants were obtained by the method of Lineweaver and Burk (6) . No determination was made with unsaturated trimer because no reliable assay was available. The assay solutions contained 0.1 M buffer at the optimum pH of the enzyme with the exception of enzyme preparation P2 which was assayed at pH 8.3. Tris-hydrochloride buffer was used for enzymes P1 and P2, whereas glycine-NaOH buffer was used for enzymes P3 and P4. The assay solutions also contained 0.01 M calcium, except in the case of ASPA for which a concentration of 0.001 M was used. Sufficient enzyme to give a measurable rate was used. The constants for enzymes P2 and P4 were also determined at 0.001 M calcium. The activity measurements were recorded at 25 C and 232 nm on a Beckman DU spectrophotometer equipped with a Gilford automatic recording apparatus and thermospacers.
Paper chromatography of products. RESULTS Separation of the lyases. The separation of the crude enzyme preparation on CMC into four lyases was achieved ( Fig. 1) , and the results of the first column separation are shown in Table  1 . The reproducibility of the technique is indicated by the data (shown in parentheses) from a duplicate experiment. The relative distribution of the four lyases was reasonably constant between the two separations (one major component, (3, 5, 8, 21) . In the case of two of the enzymes obtained in the first column separation, the protein concentration was too dilute to estimate accurately by the method of Lowry et al. (7) .
Rechromatography of the individual enzymes. Figure 2 shows the results obtained when enzyme P4 was passed through the Sephadex G-25 column. Complete separation from the bovine plasma albumin was obtained. The The enzymes were eluted from the second CMC column as single peaks (Fig. 3 to 6 ) without any indication of other activity except for enzyme P4 (Fig. 6 ). Since enzymes P3 and P4 were not completely separated on the first CMC column (Fig. 1) Optimum pH. The pH optima for enzymes P1, P2, P3, and P4 are 8.7 to 8.9, 9.5 to 9.6, 9.2 to 9.4, and 8.3 to 8.5, respectively. With the exception of enzyme P2, the usual bell-shaped curves were obtained. When "aged" assay media was used, the observed pH optimum for enzyme viscosity changes and bond degradation by the purified enzymes. The percentages of bonds cleaved for a reduction of 50% in specific viscosity for enzymes P1, P2, P3, and P4 were 2.9, 3.0, 2.5, and 2.3%, respectively. Thus, the four enzymes are classified as endo-enzymes. The data further indicate that the four enzymes form two groups based on their relative "endo" character. Thus, enzymes P3 and P4 behave more as endo-enzymes than P1 and P2 since less bond breakage is required for the same viscosity change.
Cation requirements. Table 2 shows the relative activities of the four enzymes in the presence of 0.001 M calcium, strontium, and cobalt ions.
Additional cations which had no effect on the crude lyase activity were cadmium, barium, magnesium, nickel, and manganese. Maximum activation was shown by calcium with lesser activation by strontium and cobalt. Based on the relative percentage of activity with strontium, enzymes P1 and P2 and enzymes P3 and P4 form the same set of pairs observed in the viscosity experiment.
The effect of calcium concentration on activity of enzyme P2 is shown in Fig. 8 . Maximum activation occurred on an equivalence basis of 1.0, although a slight increase in activity was observed with higher ratios. These data indicate that the interaction of calcium, trimer, and en- The Km values showed a pattern expected for endo-enzymes. In each case, an inverse correlation between Km and chain length was observed, indicating that when more sites for enzyme attack are available on the substrate, relatively less substrate is required to saturate the enzyme. This, in turn, supports the contention that the enzymes can attack more than one site on the longer oligogalacturonides. However, were this the only factor, one would expect the apparent Km for tetramer to be one-half that of trimer, since, as will be shown later, there is only one site of attack in the case of the latter, whereas tetramer has two potential sites of attack.
The Km and Vm constants of the unsaturated uronides (Table 3 , bottom) indicate both differences and similarities. These values showed little differences for saturated and unsaturated uronides of either DP with enzyme Pi. The Vm of unsaturated tetramer with enzyme P2 was unusually high, but that of unsaturated pentamer was similar to that obtained with saturated pentamer. The Km constants of P2 with unsaturated tetramer and unsaturated pentamer were two and seven times greater than the corresponding saturated substrates. These data indicate a decreased affinity due to the double bond.
In the case of enzyme P3, the Vm values for the tetramer and pentamer were greater by factors of 16 and 23, respectively, than that of the corresponding unsaturated uronides. A similar but less marked trend was observed with enzyme P4. The Km constants of the unsaturated substrates were less than those of their saturated counterparts of the same DP. Both of these observations indicate that the double bond resulted in an increased affinity of the substrates for enzymes P3 and P4 as well as a more stable E-S complex.
Paper chromatography of products. The results obtained from paper chromatographic examination of products formed by the enzymes from the different substrates are summarized in Table 4 . Only the glycosidic bonds (numbered from the reducing end) which were initially attacked are listed. Photographs of the chromatograms are also shown (Fig. 9, 10 ).
The four enzymes appear to be of two types with respect to specificities, enzymes P3 and P4 being more endo in character than enzymes P1 and P2. (Photographs of the chromatograms for enzyme P1 are not shown but are essentially identical to those of enzyme P2.) Some further general observations are possible. Bond I of all substrates tested was not attacked by any of the enzymes. The only substrates attacked similarly by all four enzymes were the trimers. The differences between the enzymes became apparent only when tetramer and the longer uronides were substrates. Enzymes P1 and P2 attacked tetramer at bonds 2 and 3 but showed a strong preference for bond 2. Enzymes P3 and VOL. 20, 1970 379 (9, 18) . In any case, to avoid this problem the individual components were not mixed together until just before assay. In addition, the alkaline buffer solutions were stored in such a manner as to preclude absorption of CO2.
Although all of the lyases which attack pectic acid have been shown to require calcium, the observations concerning the effect of other cations on activity have differed markedly depending upon the source and type of lyase. For instance, Nasuno and Starr (17) showed that the lyase of a Xanthomonas had a specific requirement for calcium. Strontium ion had no effect, whereas the same ion was at least partially effective in restoring the activity of an exo-lyase of Clostridium (9) . The same effect was observed with the purified enzymes of B. polymyxa. Based upon the relative activity with strontium ion, the enzymes can be divided into two groups.
Calcium ion, which is required for activity of the enzymes, only affects the observed Km values of the shorter chain uronides where equivalent concentrations of calcium (0.001 M) approached values less than unity when compared to the available carboxyl groups. These results are consistent with the results obtained with trimer as the substrate with enzyme P2. The observed activity was proportional to the calcium ion concentration when the ratio of calcium ions to carboxyl groups remained below 0.5. Above this ratio, the effect of calcium was diminished. Thus, one can conclude that the enzymes actually attack the calcium salt of the oligogalacturonides. That the break in activity occurs at a molar ratio (calcium to carboxyl) of 0.5 rather than 1 suggests that salt-bridged substrates may be degraded.
Why an organism would produce pairs of enzymes (which seem to duplicate each other) raises the question of whether a protease is present which could produce fragments from the parent enzymes. Earlier research (14) has demonstrated that lysis of the cells of B. polymyxa occurs after the stationary phase of growth in an inorganic salts medium with pectin as the carbon source. However, extracellular enzyme activity did not decrease during lysis of the cells. To minimize the danger of release of proteolytic enzymes, growth was followed and the cells were removed by centrifugation at the end of the logarithmic growth phase.
Based upon (i) kinetic data, (ii) evidence obtained by paper chromatography of the products, and (iii) viscosity data, there is little doubt that enzymes P3 and P4 are endo-enzymes. These enzymes are similar to the endo-pectic acid lyase of Bacillus (5) with some minor exceptions, the most notable being that the latter enzyme appeared to be inactive toward the unsaturated trimer and attacked the saturated trimer only very slowly.
The results with enzymes P1 and P2 are not so clear. The paper chromatographic evidence would indicate an exo-type enzyme. Yet the Km data and the viscosity data indicate that the enzymes are endo-enzymes. (In the case of the Km data, it is assumed that chain length would have no influence on the binding of an exoenzyme and thus the Km would be constant.) Two conclusions are possible: (i) enzymes P1 and P2 consist of a mixture of an exo-and an endo-enzyme or (ii) they are endo-enzymes showing a preference for attack at bond 2.
An enzyme similar in action was described by Avigad and Bauer (2) . Their levan-6-fructanhydrolase (levan hydrolase) gave an essentially constant Vm and a decreasing Km with an increasing substrate DP. No extensive data on either the Km or Vm values were presented. Neither were the cleavage patterns indicating susceptible bonds presented. The action patterns from amylotriose and its tetramer, pentamer, and hexamer homologs degraded by salivary amylase indicated a marked preference for bond 2 from the reducing end of the molecule and the enzyme is an endo-enzyme (19, 20) . This enzyme presented an action pattern similar to enzymes Pi and P2 in its preference for bond 2.
Perhaps the most convincing evidence for a homogeneous enzyme preparation is obtained from paper chromatography of the products formed from different substrates. From these results, it is apparent that enzyme P2 would have to consist almost entirely of an exo-enzyme to account for the products observed. Yet the viscosity data and the Km data indicate that this is not true. Thus, it is our conclusion that enzymes P1 and P2 are endo-enzymes which show a preference for attack at bond 2.
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